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MANAGING EUROPEAN CORN BORER 
RESISTANCE TO Bt CORN WITH DYNAMIC 
REFUGES 
Silvia Secchi, Terrance M. Hurley, Bruce A. Babcock, and 
Richard L. Hellmich * 
Iowa State University, University of Minnesota,^ USDA Agricultural Research Service^ 
Abstract: Genetically engineered Bt {Bacillus thuringiensis) corn provides farmers with a 
new tool for controlling the European corn borer (ECB). The high efficacy and 
potential rapid adoption of Bt com has raised concerns that the ECB will de-
velop resistance to Bt. The Environmental Protection Agency has responded to 
these concerns by requiring farmers to plant refuge com. Current refuge re-
quirements are based on models that do not consider the value of dynamically 
varying refuge in response to increased scarcity and diminished control over 
time or the importance of backstop technologies currently being developed. The 
purpose of this chapter is to evaluate dynamically optimal refuge requirements 
with the arrival of alternative backstop technologies and to compare the results 
to an optimal static refuge policy. The results show that a dynamically optimal 
refuge requirement provides only modest benefits above a static optimum. The 
results also show how the type of backstop technology and characteristics of 
ECB population dynamics affect the optimal refuge requirement. 
Key words: Bt corn, refuge strategy, optimal control, pesticide resistance 
1, INTRODUCTION 
Bt corn is genetically engineered to produce a protein found in the soil bac-
terium Bacillus thuringiensis (Bt). The protein is toxic when consumed by 
lepidopteran insects such as the European com borer (ECB), which is esti-
mated to cost U.S. farmers over $1 billion annually in yield loss and control 
costs (Mason et al. 1996). The high efficacy and full season control provided 
by Bt corn has resulted in its rapid adoption by farmers. Between 1996 and 
2004, the percentage of Bt corn acreage in the United States increased from 
less than one to 27 percent (U.S. Department of Agriculture 2004). The rapid 
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adoption of Bt corn raises concerns that the ECB will develop resistance to 
it. The U.S. Environmental Protection Agency (EPA) (EPA 1998a) has re-
sponded to these concerns by requiring farmers to plant refuge corn. Refuge 
slows the proliferation of resistance by allowing susceptible pests to thrive 
and mate with resistant ones (EPA 1998a). 
Previous studies provide rationale for the EPA's resistance management 
requirement. Pests are a detrimental renewable resource because they propa-
gate and damage crops (Hueth and Regev 1974; Regev, Gutierrez, and Feder 
1976; and Regev, Shalit, and Gutierrez 1983). Pest susceptibility (the con-
verse of resistance) is a valuable resource because susceptible pests are con-
trollable (Hueth and Regev 1974, and Regev, Shalit, and Gutierrez 1983). 
The use of pesticides reduces the biological capital of susceptibility as it in-
creases resistance through natural selection, thereby making pests less con-
trollable in the future. The ECB is a mobile pest that farmers will treat as 
common property (Clark and Carlson 1990). Thus, farmers are unlikely to 
privately manage resistance. 
Early literature characterized the dynamic optimal dose of pesticides for 
managing resistance. Recent policy work for Bt crops explores the value of 
static refuges, that is, refuges whose size is fixed throughout the period in 
which the pesticide is used (e.g., Alstad and Andow 1995; Roush and Os-
mond 1996; Gould 1998; Onstad and Gould 1998a, 1998b; Hurley et al. 
1999; and Hurley, Babcock, and Hellmich 2001). Along the same lines, 
Livingston, Carlson, and Fackler (2000) discuss the case of a static refuge 
policy that maximizes the sum of discounted profits for the producer when 
the producer uses a decision rule to choose the optimal amount of refuge 
subject to the static refuge policy cap. Static refuge has been the focus of this 
research because it is consistent with early and current EPA policy. How-
ever, static refuge is unlikely to be first-best policy in resource management 
terms because varying the size of refuge is similar to varying pesticide dose. 
Recent policy research for Bt corn has also focused on commercialized 
varieties of Bt com that rely on one of two toxins (EPA 2005), while ignor-
ing effort currently underway to develop new varieties with multiple toxins 
"stacked" in the same plant. Resistance is thought to evolve more slowly 
when pests must overcome multiple toxins. These toxins are designed with 
different modes of action, so cross resistance is unlikely. Therefore, the in-
troduction of multiple toxin Bt com may make less refuge optimal because it 
can eventually replace existing single toxin varieties of Bt com. 
The purpose of this chapter is to (i) determine the difference between the 
optimal dynamic policy and the second-best static policy for refuge in the 
case of Bt corn and (ii) consider how the introduction of a new technology 
changes the optimal and second-best policies. The sensitivity of these results 
to ECB population characteristics is also explored. Specifically, we consider 
how the optimal and second-best policy change based on whether it is possi-
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ble to eradicate ECB using Bt com—a scenario predicted by many simula-
tion models, but viewed skeptically by many entomologists. 
2. THE MODEL 
Even with parsimonious models, it is difficult to analytically characterize the 
optimal path of refuge because increasing refuge leaves more of the crop 
unprotected and increases future pest pressure, but also slows resistance, im-
proving future crop protection and decreasing future pest pressure. Ulti-
mately, which of these effects dominates is an empirical question. We ex-
plore this question by evaluating the optimal path of refuge for a typical 
continuous corn region in the North Central United States assuming Bt corn 
is planted to control European corn borer (ECB). 
Following Alstad and Andow (1995, 1996), Roush and Osmond (1996), 
Gould (1998), Onstad and Gould (1998a, 1998b), we consider a simplified 
production region with a single crop and pest. The region is closed to 
migration. While there is a single crop, there are two different varieties. The 
first is a toxic Bt variety. The second is a non-toxic refuge variety. The 
proportion of the refuge planted in season / is denoted by 1 > (|), > 0. The 
proportion of resistant pests in season tis \ >Ri>0 and the number of pests 
is N, > 0. n , is the value of agricultural production, which determines the 
value of pests and pest susceptibility in season t, while ^7 is the salvage 
value of pests and pest susceptibility for all t > T, the season when a new 
technology is introduced. 
The ECB is a mobile diploid' pest that reproduces sexually with as many 
as four generations a season. ECBs in warmer southern climates produce 
three to four generations, while ECBs in more temperate northern climates 
produce one to two generations. A bivoltine (two-generation) population is 
typical for most of the North Central United States (Mason et al. 1996).^ 
The development of resistance is a function of natural selection caused 
by the use of Bt. Bt com currently uses toxins with a single mode of action, 
so while there are two different toxins, cross-resistance is likely. Therefore, 
we assume resistance is conferred by a single allele that is not sex linked. An 
allele can be either resistant (r) or susceptible (s). Each parent contributes an 
allele, so the offspring's gene, the combination of alleles contributed by its 
parents, will be determined according to Table 1. The frequency at which 
parents are homozygote resistant (rr), heterozygote (rs), or homozygote 
' A diploid organism carries in the nucleus of each cell two sets of chromosomes, one from 
each parent. 
^ In some areas, farmers can face two different strains of European com borer. For instance, a 
farmer may face both a univoltine and bivoltine population. While this situation is not 
considered here, the model can be readily extended to such scenarios. 
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Table 1. Possible Offspring Genotypes Given Mother's and Father's Genotypes 
Mother 
rr 
rs 
ss 
Father 
alleles 
r 
r 
r 
s 
s 
s 
r 
rr 
rr 
rr 
rs 
rs 
rs 
rr 
r 
rr 
rr 
rr 
rs 
rs 
rs 
r 
rr 
rr 
rr 
rs 
rs 
rs 
rs 
s 
rs 
rs 
rs 
ss 
ss 
ss 
s 
rs 
rs 
rs 
ss 
ss 
ss 
ss 
s 
rs 
rs 
rs 
ss 
ss 
ss 
susceptible (ss) determines tlie probabilities of the offspring's genotype. Bt 
corn produces a high dose and is believed to kill all the ss and almost all the 
rs pests throughout the season. The evolution of resistance depends on the 
initial frequency of resistant alleles and on the genotypic survival rates, 
which, in turn, depend on whether the crop is Bt or refuge. 
The backstop technology we model uses two toxins with different modes 
of action. Therefore, we assume that resistance to each toxin is conferred by 
two separate genes, a and b. We explore two possible scenarios. In the first, 
one of the toxins is the original toxin, while the second is novel. In the 
second, two novel toxins are introduced. This allows us to quantify the effect 
of a positive value of susceptibility to the original toxin in the salvage 
function. We define py, = [p''''^ ,, p"y„ p^y,] as the survival rate of resistant and 
susceptible homozygotes and heterozygotes for gene y = a, b and crop / 
where / = 0 for the Bt and 1 for the refuge crop. Following Hurley, Babcock, 
and Hellmich (2001), we assume pao = PAO = [1-0, 0.0, 0.02] and p^i = p/,i = 
[1.0, 1.0, 1.0]. This implies that the two toxins are equally effective in the 
elimination of pests. Hurley, Babcock, and Hellmich (2001) consider a 
single gene model and assume that the initial frequency of resistant alleles is 
3.2 X lO""*. We assume that the initial frequency of resistant alleles is the same 
for both genes and equal to 3.2 x lO'"*. 
A gamete represents the combination of alleles a parent contributes to its 
offspring for each gene. With a single gene there are two possible gametes: r 
and s. With two genes, there are four: r\r, r\s, s\r, and s\s. Therefore, we de-
fine i?g as a 1 X 4 vector of the proportion of each type of gamete at the 
beginning of generation g: [R'^'g, R'^'g, R''^''g, -^'Vl- The initial gamete 
proportions are RQ = [1.0x10"^ 3.2xl0"\ 3.2xl0"^ 0.9993]. The initial 
gamete proportions at T when two novel toxins are introduced are Rj = 
[1.0x10"^ 3.2xl0"^ 3.2xl0"^ 0.9993]. When a novel toxin is added to 
supplement an existing toxin, Rr will depend on how much resistance 
remains for the original toxin. The dynamics of resistance with two genes 
are detailed in the Appendix. 
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To capture the change in ECB from one generation to the next, we adopt 
the modified logistic growth model, 
A^i = Pog + ^igPgNg + p2g(PgA g^)' + PgNg, (1) 
used by Hurley, Babcock, and Hellmich (2001), where Pog, Pig, and p2g are 
parameters to estimate, p^ is the survival rate of ECB in generation g, and N^, 
is the number of pests at the beginning of generation g. Note that PgNg 
reflects the number of pests that survive in generation g. The traditional 
logistic growth model is modified with Pog, which, when positive, eliminates 
the possibility of eradicating ECB. The reason for the choice of this growth 
function is, as Hurley, Babcock, and Hellmich (2001) show, that the high 
efficacy of Bt com results in near eradication or "heavy" suppression of 
ECB with a conventional logistic growth function. Many entomologists ex-
press skepticism about such a result because of the potential for weeds and 
other plants to serve as alternative hosts for ECB. Therefore the modified 
growth function is used to test the sensitivity of results to the degree of pest 
suppression. 
We define the current value of agricultural production between period Ti 
and Tj as the average annualized net revenues per acre for Bt and refuge 
corn: 
i 5 ' - ' ' {(1 -^-^)[PY(}-Z)",)-C] + (t),[pYi\-D\)-C']} 
U(T„T,) = ^ (2) 
2; 8'-. 
' = ? • , 
where Y is equal to the pest-free yield, p is equal to the real price of corn, D', 
is the proportion of pest-free yield lost to the ECB on crop / in season t, and 
C is the cost of production for crop /. The proportion of yield loss is defined 
explicitly as D', = Min[1.0, P2i+iN2,+ id^ + P2tN2,d^], where j ' and d^ are 
the constant yield loss per pest for first and second generation ECB, 
respectively. 
Using equation (2), we define the value function as n , = n ( 0 , T - l ) and 
the salvage value as 
^r=T^Max{n{T,T')\\.0>,^,=<^,>0.0, N,^,=n(<^„N„R,) + N„ 
1 — 0 VT 
and 
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R,,,=r(^„R,) + R,yts[T,T']}. 
Thus, the value function reflects the annualized present value of production 
between the initial season and season T-1. The salvage value reflects the 
value of a stream of income equal to the annualized value of the new tech-
nology for 7"- T years when an optimal static refuge is used to manage re-
sistance. Our salvage value assumes that a new technology arrives every T'-
T seasons to restore the efficacy of pest control as resistance develops to the 
current pest control technology. We use an optimal static refuge to calculate 
the salvage value of the new technology to reduce the computational burden 
of solving the model and because simulations using static and dynamic ref-
uges with the new technology (available on request) indicate that an optimal 
static refuge provides a good approximation to the optimal dynamic refuge. 
Note that the use of the technology necessarily reduces its efficacy. That 
is, it increases resistance. The new technology, be it dependent or independ-
ent from the old one, is superior in the sense that it mines a new stock of 
susceptibility, and is therefore more effective. The problem is equivalent to 
discovering a new mine with lower extraction costs. Since the new technol-
ogy considered is better than the existing technology, it is optimal to intro-
duce it immediately. 
Having parametrically specified the evolution of resistance, the ECB 
population dynamics, the value function, and the salvage function, bench-
mark parameters are now chosen. Table 2 presents the benchmark configu-
ration for all but the population dynamics. Table 3 presents estimated pa-
rameters for two alternative population models. 
National Agricultural Statistical Service (NASS) and Economic Re-
search Service (ERS) data provide values for the real price, pest-free yield, 
and production cost of refuge corn. The real price of com, $2.35, is the 
monthly average from 1991 to 1996 deflated to 1992.'' The average Iowa 
yield from 1991 to 1996 was about 123 bushels per acre. Assuming an aver-
age annual ECB yield loss of 6.4 percent (Calvin 1995) implies that the pest-
free yield is 130 bushels per acre. Excluding returns to management, the av-
erage production cost, $185, comes from 1995 ERS corn budgets deflated to 
1992 prices. The interest rate used for discounting is 4 percent. 
The pest-free yield and production cost of Bt com is the same as refuge. 
We are unaware of studies showing a significant difference in Bt and 
conventional corn yields in the absence of ECB. While farmers typically pay 
a $7 to $10 per acre technology fee for Bt seed, this premium does not 
reflect an increase in the marginal cost of growing Bt corn from a social 
perspective. Once Bt is introduced into corn, the cost of producing Bt and 
' Depending on the rate of adoption of Bt com and the refuge size, there could be supply-side 
price effects that are not included here. 
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Table 2. Benchmark Parameter Values 
Existing 
Parameter Technology 
Economic Parameters 
years 
discount rate 
price of com ($/bushel) 
pest-free yield (bushels/acre) 
production cost ($/acre) 
1st generation constant marginal yield loss 
(pests/plant) 
2nd generation constant marginal yield loss 
(pests/plant) 
Biological Parameters 
initial pest population (pests/plant) 
recombination factor 
initial gamete proportions {RQ') 
Gene a 
refuge survival rates for all genotypes 
survival rate of resistant homozygotes on Bt corn 
survival rate of susceptible homozygotes on Bt corn 
survival rate of heterozygotes on Bt com 
Gene b 
refuge survival rates for all genotypes 
survival rate of resistant homozygotes on Bt corn 
survival rate of susceptible homozygotes on Bt corn 
survival rate of heterozygotes on Bt com 
15 
1/(1+0.04) 
$2.35 
130 
$185 
0.055 
0.028 
0.23 
0.5 
' l .OxlO"' ' 
3.2x10^ 
3.2x10-^ 
0.9993 
1.00 
1.00 
0.00 
0.02 
1.00 
1.00 
1.00 
1.00 
New 
Technology 
15 
1/(1+0.04) 
$2.35 
130 
$185 
0.055 
0.028 
A'ls 
0.5 
RM 
1.00 
1.00 
0.00 
0.02 
1.00 
1.00 
0.00 
0.02 
conventional com seed stock is essentially identical. Since research and 
development costs for Bt corn are sunk, the technology fee reflects an 
economic rent transferred from growers to Bt corn registrants for using the 
Bt technology. 
Hurley, Babcock, and Hellmich (2001) consider two specifications for 
the population model and find very different results. We explore the same 
two specifications. The first assumes that population growth follows a 
logistic curve with no intercept: Po^  = 0. In this case, in the absence of pest 
resistance, eradication is possible. When pest resistance develops, heavy 
ECB suppression results instead of eradication. The second specification 
estimates a positive intercept for the growth curve: po^  > 0. Therefore, 
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Table 3. European Corn Borer Population Model Parameters" 
Parameters 
constant 
previous population 
previous population 
squared 
equilibrium population 
without Bt corn 
(pest/plant) 
calibration factor 
First Generation 
Heavy 
Suppression 
0.000 
-0.757 
-0.053 
0.248 
1.01 
Light 
Suppression 
0.028 
-0.802 
-0.040 
0.227 
Second Generation 
Heavy 
Suppression 
0.00 
7.76 
-10.30 
1.54 
0.97 
Light 
Suppression 
0.26 
5.96 
-8.13 
1.43 
' Population parameters adopted from Hurley, Babcock, and Hellmich (2001). 
eradication is not possible even with susceptible pests, while when resistance 
has developed, ECB suppression is "light." The biological difference between 
heavy and light suppression is the amount of time it takes low ECB popula-
tions to return to carrying capacity. This amount of time is longer with heavy 
suppression. 
Hurley, Babcock, and Hellmich (2001) estimate different parameters for 
first and second generation ECB using data reported in Calvin (1995). These 
parameter estimates are reproduced in Table 3. The calibration factors that 
are also reported ensure that the steady state ECB population is comparable 
across specifications when no pest control is used. 
The constant marginal damage rates for first and second generation 
ECB, 0.055 and 0.028, are taken from Ostlie, Hutchison, and Hellmich 
(1997). Combined with the equilibrium populations, the implied average 
annual yield loss is 5.3 percent, which is 20 percent lower than the 6.4 per-
cent reported in Calvin (1995). 
The final parameter to specify is the length of the planning horizon for 
assessing the benefits and costs of resistance management. A fifteen-year 
planning horizon is used to conform to the 1998 EPA scientific advisory and 
ILSI/HESI (International Life Sciences Institute/Health and Environmental 
Sciences Institute) panel reports (EPA 1998b and ILSI/HESI 1999). 
The model is implemented in C++ and solved using numerical optimiza-
tion routines adopted from Press et al. (1992). It is important to note that the 
biological processes used to characterize resistance do not guarantee the sat-
isfaction of second-order sufficiency conditions for a global optimum. 
Therefore, there is no guarantee that a numerical solution is globally opti-
mal. Assuring a global optimum is computationally infeasible, so we use a 
range of starting values with the optimization routine to increase the robust-
ness of the results. 
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3. RESULTS 
The analytical characterization of the optimal dynamic path for refuge is 
generally not possible. Increasing refuge has a negative impact, a reduction 
in current production and increased ECB pressure in the future, and a posi-
tive one, the preservation of ECB susceptibility, which affords better control 
and reduced ECB pressure in the future. Adding additional structure and 
solving the model with parameter values found in the literature allows us to 
explore which of these countervailing effects tends to dominate and when. 
Our results focus on four scenarios. We consider two alternative popula-
tion models. The first assumes that ECB suppression is light, while the sec-
ond assumes that suppression is heavy. We also consider two distinct sal-
vage functions. The first assumes that resistance to the new technology is 
independent of the current technology because two novel toxins replace the 
existing toxin and there is no cross-resistance. The second assumes that 
resistance to the new technology is dependent on the current technology be-
cause the original toxin is supplemented with a novel toxin. It is important to 
note that while resistance to the new technology will be either dependent or 
independent, the value of the new technology always depends on the old one 
because the population of ECB when the new technology arrives depends on 
how the old technology is used. Combining the alternative population mod-
els with the alternative salvage functions yields the four scenarios. 
Before interpreting the results, it is useful to summarize the optimal dy-
namic path for refuge, resistance, and ECB for each scenario, while high-
lighting important similarities and differences. Figure 1 reports the optimal 
dynamic refuge. The first interesting result is the consistent pattern for all 
scenarios. In the initial period, the optimal refuge is relatively low. It in-
creases sharply in the second period, before a series of more moderate in-
creases. Eventually, the optimal refuge begins to decrease, typically at an 
increasing rate. While this pattern is similar for all scenarios, there are nota-
ble differences. The pattern is more exaggerated with heavy suppression. 
With heavy suppression, the optimal refuge does not depend on whether the 
new technology is independent or dependent. When suppression is light, on 
the other hand, it is optimal to have more refuge if the new technology is 
dependent. This difference becomes more pronounced as the introduction of 
the new technology nears. 
Figure 2 illustrates how the characteristics of the optimal time path for 
resistance differ substantially depending on whether suppression is light or 
heavy. When suppression is light, the optimal level of resistance for the 
original toxin increases at an increasing rate. The rate of increase is faster 
when resistance to the new technology is independent. But even when the 
new technology is independent it is not optimal to fully exhaust susceptibil-
ity. On the other hand, when suppression is heavy, the optimal evolution of 
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Figure 1. Optimal Dynamic Refuge 
resistance is sigmoidal. Initially, resistance increases at an increasing rate. 
Later, it increases at a decreasing rate until susceptibility is fully exhausted. 
With heavy suppression, the evolution of resistance is not affected by 
whether resistance to the new technology is dependent or independent. 
As with the optimal dynamic refuge, the optimal dynamic ECB popula-
tion (Figure 3) for each scenario follows a similar pattern. The population 
rapidly declines in the first two periods. It then levels off and begins to in-
crease. The increase is more pronounced as the introduction of the new tech-
nology nears. Despite these similarities there are several notable differences. 
First, populations are substantially lower (by two to three orders of magni-
tude) with heavy suppression. Also, with heavy suppression it takes longer 
for the population to recover and the type of new technology does not mat-
ter. When suppression is light, the population immediately begins to recover 
and the type of new technology does matter. The optimal population is al-
ways lower when the new technology is independent. 
The general pattern of the optimal dynamic refuge in Figure 1 is due to 
the fact that increasing refuge reduces the current value of production and 
tends to increase pest pressure in the future, but it also increases susceptibil-
ity, which allows for better control and reduces future pest pressure. Since 
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1.00 
P 0.20 
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Figure 2. Optimal Dynamic Resistance 
the starting value for ECB is the carrying capacity, the initial level of ECB 
pressure is high and the marginal cost of refuge in terms of reduced yield is 
high relative to the marginal benefit of managing resistance. Figure 3 shows 
that the initial emphasis on pest control reduces ECB substantially. Once 
there are few pests left to control, the marginal cost of refuge decreases 
relative to the marginal benefit of managing resistance, and more refiige is 
optimal. As the pest population begins to recover, the marginal cost of ref-
uge increases once again. Additionally, as the arrival of the new technology 
nears, the value of susceptibility diminishes, particularly when the new tech-
nology is independent. With the marginal cost of refiige increasing and the 
marginal benefit of refiage declining, less refiage is again optimal. 
Resistance management has different characteristics according to the 
resilience of the pest population. Susceptibility is more valuable with light 
than with heavy suppression. Figure 4 illustrates why by showing how fast 
the pest population recovers to carrying capacity after a four order of 
magnitude reduction. It takes three years for the population to exceed one 
ECB per plant and seven years to return to carrying capacity with light 
suppression. With heavy suppression, it takes fourteen years to exceed one 
ECB per plant and twenty years to return to carrying capacity. Economically 
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Figure 3. Optimal Dynamic Pest Population 
important levels of pest population can return in just three years after the 
evolution of resistance with light suppression, while it takes over ten years 
with heavy suppression. When suppression is heavy, it is optimal to do no 
resistance management or to carry out intensive resistance management 
depending on whether there are a large number of ECBs to control. When 
suppression is light, the best strategy is to do some resistance management 
all of the time, but not as much as when suppression is heavy because there 
will always be more ECB to control and a higher marginal cost. With heavy 
suppression, the nature of the backstop is irrelevant because the pest 
population is essentially a nonrenewable resource in the time frame of 
analysis. Figure 2 shows that it is optimal to exhaust susceptibility with 
heavy suppression even when the new technology is dependent."^ When 
suppression is heavy, the dependence of the new technology on the current 
toxin does not matter because it is not optimal to maintain susceptibility until 
the new technology arrives. Since ECB can be brought to near extinction, it 
Sensitivity analysis (available on request) indicates that this result is robust even if the delay 
in the new technology is substantially shorter or the discount rate is much less. 
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Figure 4. Comparison of the Recovery Rate of Pests for "Light" and "Heavy" 
Suppression Models 
is optimal to do so by exhausting susceptibility regardless of the characteris-
tics of the backstop. 
On the other hand, if suppression is light (the more realistic case, ac-
cording to entomologists), the nature of the backstop does matter in the ter-
minal part of the life cycle of the single toxin technology. Since the pest 
population recovers quickly, the burden of maintaining susceptibility can be 
concentrated in the last part of the life span of the old technology. The rele-
vance of the characteristics of the backstop for the late use of the old tech-
nology is even more evident in the optimal level of resistance. As Figure 2 
illustrates, the optimal level of susceptibility when the backstop incorporates 
the previously used toxin is six times higher than if the backstop is 
independent. However, it is not optimal to fully exhaust susceptibility when 
suppression is light even if the technology is independent.^ This result is 
justified by the biological constraints on exhaustion and the fact that the 
value of susceptibility is inextricably linked to controlling ECB. To fully 
Sensitivity analysis (available on request) shows that this result is robust for much larger 
discount rates and if the new technology is delayed much longer. However, with a long enough 
delay and a high enough discount rate it does become optimal to exhaust susceptibility even 
when suppression is light (e.g., 50 years and a 20 percent interest rate). 
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exhaust susceptibility, less refuge must be planted over a period of time. 
Planting less refuge over time imposes an implicit cost because resistance 
evolves sooner, thereby increasing pest pressure and reducing the value of 
production. When the cost of resistance is high, it is not optimal to fully 
exhaust susceptibility by planting less refuge over time. This extraction cost 
is higher when there are multiple generations of pest in a season because any 
resistance that develops during the first generation reduces control in subse-
quent generations and it is not possible to offset increased resistance by 
adjusting refuge during the season. Therefore, it is optimal to plant refuge 
even in the season before the introduction of a new technology. Sensitivity 
analysis shows that with a single generation of pests per season, it is not 
optimal to plant refuge in the season before the introduction of an independ-
ent new technology, but it may still not be optimal to exhaust susceptibility 
because of the implicit extraction cost.^ 
Figure 1 shows that over time the proportion of refuge that maximizes 
the long-run value of production changes in response to changes in the value 
of susceptibility and ECB control. Therefore, holding the proportion of ref-
uge static over time will reduce the value of production. To understand the 
cost of using a second-best static refuge for resistance management. Table 4 
reports the annualized net present value of production for the optimal dy-
namic refuge, optimal static refuge, and if Bt com is never introduced. It also 
reports the optimal size of a static refuge. 
Table 4 shows that the annualized value of Bt corn in all our scenarios is 
about $7.00 an acre, which represents just over a 6 percent increase in the 
value of production. What is more interesting is the difference in the value of 
production between the optimal dynamic and static refuge for all four sce-
narios. With light suppression, the dynamic refuge increases the annualized 
value of production by about $0.01 an acre when compared to the optimal 
Table 4. Dynamic Versus Static Optima 
Salvage 
Function 
Independent 
Dependent 
Suppression 
light 
heavy 
light 
heavy 
Dynamic 
Optimum 
Value of 
Production 
$/Acre 
$120.34 
$120.50 
$120.32 
$120.50 
Static Opti 
Value of 
Production 
$120.33 
$120.50 
$120.31 
$120.50 
mum 
Refuge 
Percent 
10.6 
0.2 
11.5 
0.2 
Without Bt 
Com 
Value of 
Production 
$/Acre 
$113.36 
$113.36 
$113.36 
$113.36 
' This sensitivity analysis is available on request. 
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static refuge, regardless of whether the new technology is "dependent" or 
"independent." This difference represents less than 0.1 percent of the value 
of production and less than 0.25 percent of the value of Bt corn. With heavy 
suppression, the difference is essentially zero. 
Optimally varying refuge over time provides few benefits when com-
pared to a second-best static refuge regardless of whether suppression is 
heavy or light and the new technology is dependent or independent of the 
current technology. This result is due to the effectiveness with which Bt corn 
controls ECB. When suppression is heavy, the effectiveness of Bt corn al-
lows the immediate and near eradication of ECB. This is accomplished by 
planting almost no refuge in the first year. After that, how much refuge is 
planted has little effect on the value of production because the ECB is not 
able to reestablish itself and cause appreciable damage before the new tech-
nology arrives. When suppression is light, planting a modicum of refuge 
until the new technology arrives maintains resistance to levels that are low 
enough for Bt corn to still provide greater than 98 percent control. Compar-
ing the optimal dynamic and static refuge reveals that there is little 
difference in the two strategies, with the exception of the initial period and 
the period right before the introduction of the new technology. This and the 
high level of control (greater than 98 percent) explains the small difference 
in the value of production. 
4. CONCLUSIONS 
Bt corn is a valuable new tool for controlling the European corn borer. This 
value will be diminished if the European corn borer (ECB) resistance to Bt 
emerges. Therefore, the U.S. Environmental Protection Agency has man-
dated insect resistance management guidelines based on farmers planting a 
proportion of their corn acreage to refuge—com that does not use Bt for pest 
control. Refuge slows the proliferation of resistance by making more sus-
ceptible ECB available to mate with resistant ECB. So far, models used to 
guide EPA policy have focused on static recommendations and have not 
considered how the introduction of new technologies affects the value of 
resistance management. We explore how varying refuge optimally over time 
can increase the value of resistance management. We also consider how ref-
uge requirements should account for pest population dynamics and the intro-
duction of new technologies. 
The results of our analysis show that varying refuge does improve the 
benefits of resistance management by accounting for the increased scarcity 
and diminished control as resistance develops. These opposing effects make 
it optimal to require less refuge when Bt com is first introduced, more refuge 
once pests are better controlled and resistance starts to emerge, and less ref-
574 REGULATING AGRICULTURAL BIOTECHNOLOGY: ECONOMICS AND POLICY 
uge as the introduction of a new teciinology nears. However, tiie improve-
ment offered by optimally varying refuge is modest when compared to an 
optimal static refuge. 
The optimal strategy for managing resistance is very sensitive to the 
population dynamics of the pest. If heavy suppression is feasible and the 
value of production is the primary objective, eradication type strategies that 
use little or no refuge until there is substantial resistance and a measurable 
loss of control will tend to be optimal. If heavy suppression is not possible, 
then a relatively consistent source of refuge tends to be optimal until a new 
technology is introduced. 
We find that the effect of introducing a new technology on the optimal 
refuge depends on the population dynamics of ECB. If the ECB recovers 
slowly, it is optimal to fully exhaust pest susceptibility regardless of the type 
of new technology being introduced. If the ECB recovers rapidly, the type of 
technology introduced impacts the optimal refuge. If the new technology 
depends on susceptibility to the old, relatively more refuge should be planted 
over time. When the ECB is buoyant, it is not typically optimal to exhaust 
susceptibility regardless of the backstop because the evolution of resistance 
is biologically constrained and the value of susceptibility is inextricably 
linked to the value of pest control. These two factors impose an implicit ex-
traction cost that tends to exceed the value of exhaustion. 
The results of this analysis have important policy and research implica-
tions. Survey data suggests that farmers were confused by the changes in 
refuge recommendations that took place before the EPA mandated resistance 
management for Bt corn in 2000.^ This data indicates that there is an implicit 
administrative cost associated with varying the size of refuge that could be 
avoided with a static policy. In light of these potential costs and the modest 
increase in the value of agricultural production provided by optimally vary-
ing refuge in response to scarcity and diminished control, a static policy that 
avoids these costs may be preferable. 
Understanding the population dynamics of the ECB is important for 
resistance management, yet we are unaware of research currently underway 
to fill this information gap. Given the lack of information on the dynamics of 
ECB populations and other important parameters (e.g., the initial resistance 
frequency and dominance of resistance), if new information reveals that cur-
rent assumptions are unfounded, adjustments to refuge in response to this new 
information could be valuable. How and when refuge requirements should 
adjust to new information is an important question for future research. 
' Survey results provided by the Agricultural Biotechnology Stewardship Technical Commit-
tee and compiled by Marlceting Horizons, Inc., in 2000 show that 26 percent of respondents 
thought a minimum of 5-15 percent refuge was mandated by the U.S. Environmental 
Protection Agency, while 39 percent indicated that they did not know the minimum amount 
of mandated refuge. A summary of survey results is available from the authors on request. 
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The optimal dynamic refuge we explore assumes that there is perfect 
control of the amount of refuge planted, but this is not the case. The EPA 
mandates refuge requirements and growers choose whether or not to meet or 
exceed those requirements. Our model suggests that Bt com may substan-
tially reduce ECB populations. If growers pay extra to plant Bt com, there 
may be substantial incentives to discontinue or limit its use after a few 
seasons. The rapid adoption of Bt com slowed in 2000. There are several 
explanations for this result, one of which is the low number of ECBs 
experienced across much of the Midwest since the 1997 growing season. 
Grower adoption and de-adoption of Bt corn and compliance with refuge 
requirements will have a substantial impact on the efficacy of EPA policy. 
New models integrating the complexities of pest biology and human 
behavior will provide the EPA with more reliable information and improve 
resistance management policy. 
Our model focuses on optimizing agricultural productivity, while ignor-
ing conventional pesticides. In the region we model, conventional pesticides 
are seldom used to control ECB because of high cost and poor efficacy. There 
are, however, regions and crops (e.g., cotton in the southem United States) 
where conventional pesticides are more important. In these regions, the EPA 
is also concerned about reducing the use of these pesticides because it 
believes they are more hazardous to the environment and human health. 
Therefore, a useful extension of the model could include an evaluation of 
conventional pesticides and the objective of reducing their use. 
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APPENDIX 
/?g is a 1 X 4 vector of the proportion of each type of gamete at the beginning 
of generation g: [R'^'g, R'^'g, I^^'g, i?''y, while Py, = [p%, p'\i, p"y,] is the sur-
vival rate of resistant and susceptible homozygotes and heterozygotes for 
gene y on crop / where / = 0 for the Bt crop and 1 for the refuge crop. It is 
also useful to define 
p.=K'^.)> 
p „ 
p". 
^rr ^ rs P W P aiP'b, P aiP hi P „,P *, 
P"*; P'^mP'^, P"<„P'''6, P"«,P""'4/ 
P hi P aiP hi P <„P h, P aiP b, 
P\i ^\,i^\i P'\iP'\, P\iP\i. 
(A.l) 
where x indicates multiplication by element. The net survival rate on the /th 
crop in generation g is p,g = h'^igU, where A is a 1 x4 identity vector. The net 
survival rate in generation g and season ^ is Pg = (1 - <t>()p,g + ^,Pig. Let P^  = 
[(1 - (|),)poj; Pog + ^i?\g Pig] / Pg- Extending the Hardy-Weinberg model with 
random mating (see Hartl 1988), the evolution of resistance is characterized 
as 
j^Ay —-pAyAy _^-pAyAy' _|_pi1^*'lj' _|_Q jp'-'Vi'lJ' + 0 SP*'''*'''''''^  CA 2") 
for all X, x', andy, andy' e {r, s), x^x', andjv ^y' where F^'^ represents the 
z row and z' column of P„. 
